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The lipase from Pseudomonas fluorescens (PFL) was adsorbed on superparamagnetic NiZnFe,O, octyl-
nanoparticles via interfacial activation, producing the biocatalyst OCTYL-NANO-PFL. In order to further improve
the stability of the immobilized lipase, the immobilized enzyme biocatalyst was chemically modified with differ-
ent concentrations of diverse bifunctional molecules (glutaraldehyde (GA), divinylsulfone (DVS) or p-
benzoquinone (BQ)). The concentrations of bifunctional agents were varied (0.5, 1, 2.5 and 5% (v/v for GA and
DVS and w/v for BQ)). The results showed a greatly improved stability after chemical modification with all bi-
functional molecules, mainly with 5% (v/v) GA or 1% (v/v) DVS. The biocatalysts OCTYL-NANO-PFL-GA 5% and
-DVS 1% were about 60 folds more stable at pH 7 than the unmodified preparation and, at pH 5, >200 folds for
5% GA modified enzyme. The most stable BQ treated biocatalysts, OCTYL-NANO-PFL-BQ 0.5%, was about 8.3
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more stable than OCTYL-NANO-PFL at pH 7, while was 20 fold more stable at pH 9.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Lipases (E.C. 3.1.1.3) are hydrolytic enzymes with high selectivity,
specificity, stability and versatility, catalyzing many different reactions,
e.g. hydrolysis, esterification, interesterification, aminolysis [1-8].
Therefore, these enzymes can be used in various reactions of industrial
interest for the synthesis of high value-added products [1-7,9,10]. A
structural feature that is common to most lipases is the presence of a
so-called “lid”, composed of one [11] or even two a-helix peptides
[12], that covers the active site of the lipase [13,14]. This polypeptide
chain may fully isolate the lipase from the reaction medium (closed
form) [3,15,16]. There some exceptions, like the lipase B from Candida
antarctica, whose lid is small and does not isolate the active center of
the lipase from the medium [17]. In the presence of hydrophobic
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surfaces, which can be formed by drops of hydrophobic substrates or
hydrophobic solid surfaces, the open form of the lipase (where the lid
moves to expose the active center) is stabilized, resulting in the so-
called “open form” of the lipase [11-14]. This phenomenon may be
used to immobilize, purify and stabilize lipases using hydrophobic sup-
ports, where the lipase fixes its stabilized open form via interactions be-
tween the active center surroundings and the hydrophobic support
surface [18,19]. Lipase from Pseudomonas fluorescens (PFL) has a “true
lid” [20,21]. This enzyme has many applications in biocatalysis [22,23].

Superparamagnetic nanoparticles have been used to immobilize en-
zymes, they are no porous supports with large surface-volume ratio, en-
abling a high enzyme loading [24-28]. The immobilized enzyme may be
recovered by application of a magnetic field thanks to its
superparamagnetism [29-34]. All the enzyme is immobilized in the ex-
ternal surface of the support and that prevents any internal diffusion
limitations [29-37]. However, it also exposes the enzyme to external in-
terfaces and some of the advantages regarding enzyme stabilization via
immobilization inside porous supports are lost [38,39].
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In this context, PFL was immobilized on superparamagnetic
NiZnFe,0,4 octyl-nanoparticles coated with octyl group, producing the
biocatalyst OCTYL-NANO-PFL.

To this goal, mixed nanoparticles (type NiZnFe,0,) were
synthetized. This way, this composition of the metal blending has
anti-corrosion properties [40] that can decrease the oxidation percent-
age of the nanoparticles. This improves the storage and operational sta-
bility of the biocatalyst [40,41]. The functionalization of
superparamagnetic NiZnFe,04 was performed with
octyltriethoxysilane that generates a hydrophobic acyl layer where
PFL may be immobilized via interfacial activation [18,19,30].

Although this lipase immobilization method has many advantages
[18], it has a problem: the enzyme may be released during operation
or when submitted to drastic conditions (high temperatures or the
presence of cosolvents, substrate or products-like detergents)
[18,42-45]. One solution to this problem is the immobilization of the
enzyme on acyl-heterofunctional supports [44,46,47]. Other alternative
is the physical crosslinking with PEI [48-50] or the covalent crosslinking
using aldehyde dextran [51-55]. However, the use of small bifunctional
crosslinking reagents may have some advantages, as they can confer not
only some intermolecular crosslinking, but also some stabilizing intra-
molecular ones, that could increase enzyme rigidity [56].

Thus, in order to improve the stability of OCTYL-NANO-PFL, the
immobilized PFL was chemical modified by different bifunctional mole-
cules, namely: glutaraldehyde, divinylsulfone and p-benzoquinone. The
chemical modification of immobilized enzymes is simpler and easier to
control than that of the soluble enzymes and the final features of the
immobilized enzyme may be greatly improved [57,58].

Glutaraldehyde (GA) is one of the most widely used reagents for en-
zyme crosslinking [59-64].This bifunctional reagent can mainly react
with the primary amine groups of proteins [59], the reactivity depends
on the number of GA molecules involved in the modification of the
amine groups [63,65]. Divinylsulfone (DVS) also has been used for li-
pase immobilization [41,66-74]. DVS molecule is capable of reacting
with primary (and secondary amines), phenyl, hydroxyl, thiol and
imidazol groups of the enzyme surface and is very stable a broad
range of pH values (from 5 to 10) [67,75]. p-Benzoquinone (BQ) can
be used as an alternative to DVS, since the enzyme groups that can
react with it are similar [76], and it has been recently compared to
DVS as support activating reagent [41]. BQ has been used to produce
magnetic cross-linked aggregates of lipase from Yarrowia lipolytica [77].

The chemical modification of a protein will have different effects on
its features. The one point modification may alter the physical features
of the enzyme surface, and that may have positive or negative effects
on enzyme properties [57,58]. A positive effect on enzyme stability
may be the intermolecular crosslinking, that can reduce enzyme release
from the support [18,48,49,51,54,55], together to some possibilities of
enzyme rigidification if many groups of different enzyme molecules
are involved [55]. Intramolecular enzyme crosslinking can also produce
an increment in the enzyme structure rigidity [56,63]. These inter or
intra molecular crosslinkings may be difficult to achieve using these
small bifunctional reagents, as they require that two reactive groups
in the protein are placed at the correct distances and locations [18,48].
And although with glutaraldehyde it has been reported that there is
not competition between one-point modification and crosslinking
[59,63] that is not so clear using BQ or DVS.

2. Materials and methods
2.1. Materials

PFL as a powder with 6% (w/w) of protein content, 25% (v/v) GA
aqueous solution, DVS, BQ, p-nitrophenyl butyrate (p-NPB) and

octyltriethoxysilane (OTES) were purchased from Sigma Chemical Co
(St. Louis, MO, USA). FeCl;.6H,0, NiCl,.6H,0 and ZnCl, were purchased

from Dindmica Quimica Contemporanea LTDA. All other reagents and
solvents were of analytical grade.

2.2. Methodology
2.2.1. Preparation of octyl-nanoparticles

2.2.1.1. Synthesis of superparamagnetic NiZnFe,0, nanoparticles.
NiZnFe,0,4 nanoparticles were prepared by hydrothermal synthesis
[41,78,79]. In the procedure, an aqueous solution was prepared contain-
ing 0.74 M of FeCl5.6H,0, 0.185 M of NiCl,.6H,0 and 0.185 M of ZnCl,,
under vigorous mechanic stirring (6000 rpm). Subsequently, 10 mL of
35 mmol sodium hydroxide was added dropwise to precipitate the
metal hydroxides. This mixture was transferred to a Teflon-lined auto-
clave at 250 °C during 30 min. Then, the precipitate was washed with
distilled water until neutral pH and dried in a vacuum desiccator at
room temperature at a pressure of 360 mmHg for a minimum of 48 h.
The nanoparticles were stored under those conditions before their use.

2.2.1.2. Functionalization of NiZnFe,04 nanoparticles with OTES. The pro-
cedure of nanoparticle functionalization was conducted according to
Blanco et al. [80], with some modifications. 1 g of NiZnFe,0,4 nanoparti-
cles was suspended in 10 mL of OTES/toluene (1:4, v/v) solution. The
suspension was gently stirred for 72 h at room temperature. After, the
octyl-nanoparticles were washed twice with 20 mL of toluene, 3 times
with 20 mL of hexane and 3 times with 20 mL of acetone. Finally,
octyl-nanoparticles were dried in a vacuum desiccator during a mini-
mum of 48 h at room temperature and a pressure of 360 mmHg. The
nanoparticles were stored under those conditions before their use.

2.2.2. Characterization of nanoparticles

XDR analyses were performed using a Rigaku X-ray diffractometer
equipped with CoKa radiation tube (N = 1.7889 A) operated at 30 kV
and 15 mA. The phase identification of the sample was performed
using standard patterns from the International Centre for Diffraction
Data (ICDD). The diffraction pattern was refined by Rietveld procedure
[81] using the DBWS 2.25 program [82]. The crystallite size of the nano-
particle was calculated using Scherrer's equation [83] from XDR data.

Fourier Transform Infrared Spectroscopy (FTIR) analyses were car-
ried out on a Perkin Elmer spectrometer. For these experiments, the
samples were previously mixed with KBr powder. The data were col-
lected in the range of 400-4000 cm~".

The magnetic characterization of the nanoparticles was performed
at room temperature using a vibrating sample magnetometer (VSM)
Lakeshore 7400, with maximum magnetic field amplitude of 17 kOe.
The VSM was previously calibrated using a pure nickel sample. Thus,
after weighing each sample, the respective magnetization is given in
emu/g.

2.2.3. Immobilization of PFL on octyl-nanoparticles

PFL was immobilized on octyl-nanoparticles (OCTYL-NANO) by in-
terfacial activation [18,19], producing the biocatalyst OCTYL-NANO-
PFL (Fig. 1). For that purpose, the PFL powder was dissolved in 5 mM so-
dium phosphate at pH 7, at a concentration of 20% powder w / v of so-
lution. This enzyme solution was used for all studies. If required was
diluted with 5 mM sodium phosphate at pH 7. In the immobilizations,
200 mg of the support was added into 2 mL of lipase solution (standard
enzyme loading was 20 U/g support). The immobilization process was
conducted under gentle stirring at room temperature. In some in-
stances, a progressive increase of the enzyme concentrations was per-
formed (from 20 U/g to 300 U/g). Fig. 1 shows the schematic
preparation of the biocatalyst.

2.24. Chemical modification of OCTYL-NANO-PFL with GA, DVS and BQ
100 mg of the biocatalyst was suspended in 2 mL solutions of
200 mM sodium phosphate at pH 7 containing GA, DVS or BQ at



N.S. Rios et al. / International Journal of Biological Macromolecules 141 (2019) 313-324 315

¢ -¢C -

Lipase closed Lipase open
form form
/O
—] = ZoNAAA
~o”

OCTYL-NANO

«
/

—
4
dj

OCTYL-NANO-PFL

NiZnFe204
nanoparticle

Fig. 1. Schematic representation of the production of OCTYL-NANO-PFL.

different concentrations (0.5, 1, 2.5 or 5% v/v (GA and DVS) or w/v (BQ)
at room temperature for 1 h, under gentle stirring. The resulting modi-
fied biocatalysts were named mentioning the modificating agent and
the concentration, e.g., OCTYL-NANO-PFL-GA 0.5%.

2.2.5. Determination of enzymatic activity and protein concentration

The enzymatic activity was quantified using p-nitrophenyl butyrate
as substrate, according to the procedure related for Lombardo et al. [84].
The hydrolysis of p-NPB was conducted under gentle stirring, adding 50
UL of p-NPB solution (50 mM p-NPB in acetonitrile) to 2.5 mL of sodium
phosphate buffer at pH 7 and 25 °C and the reaction was started adding
50 L of sample. p-NPB was measured at 348 nm (isosbestic point, g =
5.236 mol~.cm™!) [84]. In this work, one unit (U) is the amount of en-
zyme that was able to hydrolyze 1 umol of substrate per minute under
the described conditions. The amount of immobilized enzyme on the
support was calculated using the ratio between the activity of superna-
tant of the immobilization suspension after the immobilization and the
activity of a reference solution having the enzyme under identical con-
ditions but without support. It is important to mention that the activity
of the enzyme reference solution was maintained at 100% during all the
immobilization process. The expressed activity was calculated using the
ratio between the observed immobilized enzyme activity and the activ-
ity that was expected in the biocatalyst from the immobilization yield
and the activity of the free enzyme.

Protein concentration was determined using Bradford method [85]
and bovine serum albumin was used as the standard.

2.2.6. SDS-PAGE electrophoresis analyses

The SDS-PAGE analyses were carried out using 12% polyacrylamide
gels [86] with an Miniprotean tetra-cell (Biorad) electrophoresis unit.
The rupture buffer was prepared according to Garcia-Galan et al. [87].
In the procedure, 100 mg of immobilized enzyme were suspended in
1000 pL of rupture buffer, containing 4% (v/v) of SDS and 10% of
mercaptoethanol. The samples were boiled during 10 min at 100 °C
and after centrifugation at 6000 rpm in Eppendorf centrifuge, 15 pL of
the supernatants were injected in the electrophoresis unit. The low

molecular weight marker of proteins (LMW-SDS Marker — GE
Healthcare LifeSciences) was used as standard.

To stain the gel, it was washed with a solution of 30% (v/v) ethanol
and 2% (w/v) of phosphoric acid, 3 times for 30 min. After, the gel was
washed 3 times during 20 min with a solution of 2% (w/v) of phosphoric
acid. Subsequently, the gel was incubated during 30 min in 100 mL of a
solution containing 18% (v/v) ethanol, 2% (w/v) of phosphoric acid and
15% (w/v) of ammonium sulfate. Finally, it was added 1 mL of 2% (w/v)
Coomassie brilliant blue. This Coomassie solution was in contact with
the gel at room temperature during 24 h, under mild stirring.

— Y ObS
Ycal
Yobs-Ycal

(311)

Intensity (u.a)

T i T T T T T T
20 40 60 80 100

20 (Degrees)

Fig. 2. XRD pattern of the NiZnFe,04 nanoparticles. The black line represents the
experimental data (Yobs), the dark gray line represents calculated intensities obtained
through the refinement (Ycal) and the light gray line represents the relative difference
between experimental and calculated data (Yobs-Ycal).
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Table 1
Structural parameters of the NiZnFe,0,4 nanoparticles obtained from Rietvield refinement.

Sample Lattice parameters (a) (A) Rwp S Average crystalline size
(%) (nm)
NiZnFe,0, 8.4073 1159 092 20

2.2.7. Stress inactivation of different PFL biocatalysts

A mass of 1.0 g of immobilized preparations was suspended in
5 mL of 25 mM buffer solutions (sodium citrate at pH 5, sodium
phosphate at pH 7, sodium carbonate-bicarbonate at pH 9) at 60 °C.
Periodically, samples were withdrawn and the activity versus p-
NPB was measured as described above. The enzymatic deactivation
course was built using the initial activity as 100% and the half-life
(t12) for each immobilized enzyme preparation was calculated ac-
cording to Sadana and Henley [88], using a Microcal Origin program,
version 8.1.

2.2.8. Capture and reuse of the magnetic biocatalysts

A mass of 10 mg of biocatalyst was utilized to perform consecutive
cycles of 12 min of p-NPB hydrolysis under the conditions described
above. At the end of each cycle, the biocatalyst was washed 2 times
with 10 mL of 25 mM sodium phosphate at pH 7, recovering the
biocatalysts by using a magnet. Thus, the relative activity of the biocat-
alyst in each cycle was calculated, taking as 100% the activity in the first
cycle of p-NPB hydrolysis.
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3. Results and discussion

3.1. Characterization of superparamagnetic NiZnFe,0, nanoparticles before
and after enzyme immobilization

The physical and magnetic properties of the biocatalyst and the
nanoparticles were studied using XRD, FTIR and VSM. A deeper charac-
terization of NiZnFe,O4 nanoparticles is in a recently publication of our
group [79]. In this report, we studied the effects of the NaOH content
and reaction time on the growth mechanism, as well as structural, mor-
phological and magnetic properties of NiZnFe,0, nanoparticles. Once
we employed the same synthetic methodology and composition, the
morphology is the same as the particles presented in our previous pub-
lication. Additionally, we coated the magnetic nanoparticles just with
compounds based on organic matter, as consequence the morphology
of the inorganic part did not change.

The XRD analysis permitted to obtain data on the crystalline phase
and structural parameters of NiZnFe,0, nanoparticles. The pattern
shows the reflection planes (111), (220), (311), (400), (440), (511)
and (620) (Fig. 2), that can be indexed as to the inverse spinel structure
NiZnFe,0,4 (ICSD/PDF-08-4611) [89,90]. From the refinement of the
data from XRD, it was possible to identify a single phase for the sample.
The structural parameters obtained through Rietvield refinement are
summarized in Table 1. The low values founded for the Ryp and the
proximity of S of one value show that the refinement was satisfactory
[78]. The lattice parameter (a, b and c) obtained in this work are in
agreement with other NiZnFe,0, nanoparticles preparations described
in literature [78,90,91]. The average crystalline size, which relates the
crystallite size with the half-width of the diffraction peak, presented

BQ 5.0 % |
1058]
BQ 0.5% I
W
DVS 5.0 % 1056
|
|
|
DVS 0.5% 105
GA 0.5% 10541
W
1057)
OCTYL-PFL
1034

1400 1200 1000 800
A
Wavenumber (cm’)

1800 1600

Fig. 3. FTIR spectra of different nanoparticle samples. (A) Full (4000 to 350 cm™!) and (B) extended (1900 to 800 cm ™) FTIR spectra for NiZnFe, OCTYL-NANO and OCTYL-NANO-PFL

samples. (C) Extended FTIR spectra of the modified biocatalysts.
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Table 2
Vibrational modes of FTIR spectra of NiZnFe204 nanoparticles. Stretching vibration (1)
and bending vibration (5).

Wavenumber Vibration Description

(em™) mode

396 vFe-0 and Vibration of Fe—0 and Ni—O bonds in
vNi-0 octahedral sites

585 vFe-0 and Vibration of Fe—0 and Zn—O0 bonds in
vZn-0 tetrahedral sites

1052 8Si-0 Vibration of Si—O bonds in silane molecules

1390 6C-H Vibration of CHs groups

values below of 30 nm, indicating of superparamagnetism properties of
these materials [92]. The relation between size and
superparamagnetism behavior of magnetic nanoparticles can be seen
in Eq. (1) [93,94]:

KV
Tp = 5k (1)
where, K is the contribution of uniaxial anisotropy, V is the volume of
the NPs and kj, is Boltzmann constant. T is the blocking temperature,
which is the temperature that the thermal energy overcomes all barrier
energies necessary to demagnetize the nanoparticles. Therefore, our
goal is to obtain nanoparticles with blocking temperatures below oper-
ating temperature. i. e., with superparamagnetic behavior at room tem-
perature. In the Eq. (1), it is possible to observe that the smaller the
nanoparticle volume, which is related to the size of the nanoparticle,
the lower the blocking temperature. For this reason, magnetic materials
with superparamagnetism behavior must have its dimensions in the
nanoscale regime.

FTIR gave information on the modification surface of the
superparamagnetic NiZnFe,0,4 nanoparticles. All samples presented
two bands in the range of 396-585 cm ™', which were assigned to the
vibration of ions in the crystal lattice of NiZnFe,04 nanoparticles
(Fig. 3(A)). The 585 cm ™! band was attributed to stretching vibration
of Fe—O and Zn—O bonds in tetrahedral sites, whereas the band in
396 cm ™! is relative to stretching vibration of Fe—0 and Ni—O bonds
in octahedral sites (Table 2) [95].The FTIR spectrum of OCTYL-NANO
sample showed an band in the 1052 cm™!, which is relative to bending
vibration of Si—O bonds [96].

The FTIR spectrum of the sample OCTYL-NANO-PFL exhibited new
bands in 1625, 1456 and 1405 cm™!, which can be attributed to

(A)

80 F — NiznFe
60 F Octyl-Nano
Octyl-Nano-PSF

4t

20

M (emu/g)

M (emu/g)
L2 8 8

3

o

5000 10000 15000
H (Oe)
A L A L A

re A Il il
-15000 -10000 -5000 0 5000 10000 15000

H (Oe)

Table 3

Magnetic properties of the different samples.
Sample Ms (emu/g) Mr (emu/g) Hc (Oe)
NiZnFe 86.8 4 17.7
OCTYL-NANO 58.6 1.55 8.62
OCTYL-NANO-PFL 58.2 2.85 7.8
OCTYL-NANO-PFL-GA 0.5% 58.5 1.48 7.45
OCTYL-NANO-PFL-GA 5% 56.5 22 13.8
OCTYL-NANO-PFL-DVS 0.5% 57.8 2.4 14.6
OCTYL-NANO-PFL-DVS 5% 57.2 15 8.15
OCTYL-NANO-PFL-BQ 0.5% 58.1 11 6.7
OCTYL-NANO-PFL-BQ 5% 57.5 2.1 11

vibrational modes of amides functional groups [97] of the enzyme.
However, these bands cannot be used to prove PFL immobilization,
once there are vibrational modes at the same wavenumbers for the
sample NiZnFe that are probably due to hydroxyl groups on the surface
of NiZnFe nanoparticles or CO, interference [98]. Nevertheless, the set of
bands in the region between 868 and 1162 cm ™! for the sample OCTYL-
NANO-PFL clearly indicates the PFL immobilization. This band can be at-
tributed to the C—N stretching (vc_n), C—H bending (6¢_y), CH, wag-
ging (Ycuz), or C—O stretching (vc_o), of the amino acid side chains in
PFL [99,100]. However, the best way to show immobilization is to
show the enzyme activity incorporated to the support, as we will see
in the next section.

The FTIR spectra for the biocatalysts samples modified with GA, DVS
and BQ are similar to that of OCTYL-NANO-PFL sample, as shown in
Fig. 3(C). For these samples, no additional vibrational modes were evi-
denced. However, the set of bands (vc_n, 8c_n, YcHz, Ve-o) in the modi-
fied samples sifted to 1054-1059 cm ™! (with respect to 1034 cm™ for
OCTYL-NANO-PFL), as shown in Fig. 3(C). The literature reports that the
wave-numbers of some FTIR vibrational modes of proteins are sensitive
to structural conformational changes [101]. Therefore, the shift evi-
denced in the FTIR spectra for the modified biocatalysts indicates that
the chemical modification could induce some structural conformational
changes in the immobilized PFL. This was later evidenced by functional
changes on the biocatalyst.

The VSM curves at room temperature were used to evaluate the
magnetic properties of the materials prepared herein. Fig. 4-A shows
that the functionalization with octyltriethoxysilane decreased the satu-
ration magnetization (Ms), from 86.8 emu/g for NiZnFe nanoparticles to
58.6 emu/g for OCTYL-NANO, due to the presence of non-magnetic ma-
terial on the nanoparticle. The PFL immobilization on the nanoparticle
induced a slightly effect in the Ms values, a reduction from 58.6 emu/g

(B)

60
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—GA 0.5%
40 F GA 5.0%
—DVS 0.5%
———DVS 5.0%
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3 o
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= -20F S
S s
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Fig. 4. VSM curves for (A) NiZnFe nanoparticle, OCTYL-NANO and OCTYL-NANO-PFL samples and (B) chemically modified biocatalysts.
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Fig. 5. Immobilization course of PFL on OCTYL-NANO. Relative total activities of reference
(O) and supernatant (@) during immobilization and expressed activities during
immobilization (M). The lines represent the tendency of experimental data. 100% is
taken as the initial activity of PFL in both cases.

to 58.2 emu/g (perhaps due to the low enzyme loading). Additionally, it
has evidenced a slightly decrease of Ms with the increasing of the
amount of bifunctional agent (Fig. 4-B - inset), for the same reason of
the decreasing in the sample OCTYL-NANO.

Table 3 summarizes the values of Ms, coercive field (H¢) and rem-
nant magnetization (M,) for all materials prepared in this work. The
small values of Hc and M, indicate that the prepared magnetic
biocatalysts are in the superparamagnetic (SPM) regime at room tem-
perature. This is an important feature for a magnetic biocatalyst, once
the SPM regime avoids magnetic interparticle self-aggregation during
biocatalysts operational use. This aggregation will produce
macroporous aggregates, that can reduce substrate accessibility and
consequently decrease the reaction rate [102,103], and are not pursued
in this paper. Furthermore, all biocatalysts presented a relatively great
Ms (>56 emu/g), which enable a rapid magnetic separation.

It is worth to further mention the important selection of NiZn ferrite
as magnetic support for enzymes. Naked NiZn nanoparticles presented a
high magnetization saturation (86.8 emu/g - see Table 3), which is re-
lated to fine tuning of the chemical concentration of Ni*> ™ and Zn?>* on
the crystal structure of the nanoparticles. Cations in spinel ferrites oc-
cupy two sites: tetrahedral (A sites) and octahedral (B sites). In inverse
spinels, the divalent ion occupies the B sites and trivalent ions occupy
both A and B sites. As a consequence, the magnetic moment of inverse
spinel ferrites comes from divalent ions. In normal spinel ferrites (such
as Zn ferrite) divalent ion occupy the A site, which makes the magnetic

Table 4

moment of the spins of Fe>* in B site to be anti-parallel and no net mag-
netization. However, when Zn?¥, at certain concentration, are in mixed
Ni ferrites, the net magnetic moment in B sites increases, due to the
presence of Fe>™ ions, which enhances the magnetization saturation
of the nanoparticle [104]. Therefore, the choice of this support caused
that, even after a high loading of non-magnetic matter, the biocatalyst
possess enough remaining magnetization to be magnetically separated
from the reaction medium In addition, greater protection against oxida-
tion is achieved due to Fe?™ replacement.

3.2. Immobilization of PFL on octyl-nanoparticles

PFL was immobilized on OCTYL-NANO by interfacial activation
[18,19], producing the biocatalyst OCTYL-NANO-PFL (Fig. 1). The immo-
bilization course is shown in Fig. 5.

Most lipase activity was immobilized on OCTYL-NANO in the first
hour of contact, since the activity of supernatant rapidly decreased
while the reference enzyme solution maintained intact its activity dur-
ing all immobilization time. In 1 h of contact, immobilization yield is
about 74%. The immobilization yield reached a value over 83% after 24 h.

Fig. 5 also shows an increase of the activity of the immobilized en-
zyme (until 7 h of immobilization), achieving about 140-160% of initial
activity. That is, the immobilized enzyme was more active than the free
enzyme and the final biocatalysts presented more activity versus p-NPB
per mg of enzyme, as expected if immobilization is via interfacial activa-
tion. This may be explained by the immobilization of the lipase vis its
open and monomeric form [18,19,46,105-109] PFL-PFL dimer have
lower activity than the monomeric enzyme [110-113]. For this reason,
we have neither used the free enzyme as reference for these studies.

3.3. Chemical modification of OCTYL-NANO-PFL with GA, DVS and BQ

The immobilized enzyme was modified with GA, DVS and BQ and
the effects of the concentration of these reagents on the activity reten-
tion and thermal stability were investigated.

Table 4 shows the activities and half-lives of OCTYL-NANO-PFL mod-
ified with different concentrations of GA, DVS or BQ. The chemical mod-
ification of an enzyme is expected to alter the enzyme activity, because
it may alter the enzyme conformation or modify some critical groups for
enzyme activity (e.g., the catalytic Ser). Thus, usually the chemical mod-
ification is expected to produce some decrease in enzyme activity. In
fact, the PFL preparations decreased their activities after the treatment
with GA, DVS or BQ, except when using 1% GA, where an increased ac-
tivity (by 18%) was observed (even although 0.5% GA was quite negative
for enzyme activity). This worse effect of intermedium chemical modi-
fications of immobilized enzymes on enzyme activity when compared
with full modifications has been reported in other cases
[63,87,114,115].

Effect of different treatments on activity and stability of the PFL immobilized preparations. Activity values are given as relative activity and the stability factor were calculated considering
the unmodified biocatalyst as a 100%. Inactivation conditions: 60 °C, 25 mM sodium phosphate buffer at pH 7.

Half-lives (min) Stabilization factor

Biocatalyst Relative activity (%)
OCTYL-NANO-PFL 100+ 0
OCTYL-NANO-PFL-GA 0.5% 56.61 + 2.66
OCTYL-NANO- PFL-GA 1% 118.67 £+ 1.96
OCTYL-NANO- PFL-GA 2.5% 60.97 + 1.27
OCTYL-NANO- PFL-GA 5% 7548 £ 0.22
OCTYL-NANO- PFL-DVS 0.5% 70.01 £ 5.41
OCTYL-NANO- PFL-DVS 1% 85.16 + 5.97
OCTYL-NANO- PFL-DVS 2.5% 70.08 + 3.10
OCTYL-NANO- PFL-DVS 5% 66.28 + 5.23
OCTYL-NANO- PFL-BQ 0.5% 71.67 £ 431
OCTYL-NANO- PFL-BQ 1% 59.95 + 1.01
OCTYL-NANO- PFL-BQ 2.5% 62.41 + 2.70
OCTYL-NANO- PFL-BQ 5% 57.73 £ 6.92

10.81 1
475.66 44.00
349.39 3232
455.39 4213
649.69 60.10

84.29 7.80
652.35 60.35
302.08 27.94

14.12 131

90.74 8.39

36.29 3.36

28.08 2.60

50.42 4.66
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However, when focusing on PFL stability, most chemical modifica-
tions (at all concentrations) improved the stability of the immobilized
biocatalyst. GA modification produced the highest stabilization factors
(ranging from 32 to 60), being the biocatalyst OCTYL-NANO-PFL-GA
5% the most stable one. Although we can expect that almost in all
cases at least one molecule of glutaraldehyde has reacted with one
amino group, producing a certain hydrophobization on the enzyme,
modifying its stability [63,114,116], the stabilization could be caused
by the promotion of inter or intermolecular crosslinkings, as amino-
glutaraldehyde groups are very reactive with other amino -
glutaraldehyde groups [50,63,117].

DVS molecule can react with different moieties of the protein,
namely amine, hydroxyl, phenyl, thiol and imidazol groups [67,75].
However, the stabilization obtained with this reagent is lower than
using GA, except using 1% DVS, where results become similar to those
obtained using 5% GA. Modifications with concentrations over 1% DVS
decreased the stability of the immobilized protein. These negative ef-
fects are evident in the OCTYL-NANO-PFL-DVS 5%, since the stability of
this biocatalyst is almost identical to the unmodified biocatalyst. These
results can be caused by a combination of negative effects of the one
point chemical modification on the enzyme stability, the positive effects
of inter or intramolecular crosslinkings, and a difficulty of reaction be-
tween two vinylsulfone groups attached to the enzyme, that make com-
plex the crosslinking promotion when all enzyme reactive groups are
modified with DVS.

Chemical modification with BQ was the one offering the lowest sta-
bilization factors (Table 4). BQ can react with the same groups of the
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protein than DVS [76,118]. The biocatalyst OCTYL-NANO-PFL-BQ 0.5%
was the most stable among the BQ preparations (a factor of 8), but far
for the stabilization factors obtained using GA or DVS. This suggested
that the conditions for using BQ for crosslinking must be even more
carefully selected that using DVS, apparently it is more difficult to
have good stabilizations, although a more negative effect of the one
point chemical modification cannot be secluded.

3.4. Effect of inactivation pH on the stability of the different PFL biocatalysts

Fig. 6 shows the inactivation courses of PFL immobilized prepara-
tions submitted to different conditions of pH.

The results from the Fig. 6A shows there are no significant effect of
pH on the stability of OCTYL-NANO-PFL, since the half-lives remained
around 11 min in all range of pH values studied. Other authors showed
similar behavior of lipase from Pseudomonas cepacia immobilized onto
electrospun polyacrylonitrile (PAN) nanofibrous membrane in relation
to pH stability [119]. However, the enzyme immobilized on octyl aga-
rose was significantly more stable at pH 5 than at pH 7 or 9 [46].

The chemical modification of OCTYL-NANO-PFL altered this situa-
tion. We show some representative examples, including always the
preparation with the highest stability at pH 7 (Table 4).

Fig. 6B shows the inactivation courses of GA (using 0.5 and 5%
GA) modified preparations. The results show that using 5% GA in
the modification it is possible to get the highest stability at pH 5 (re-
sidual activity over 65% after 24 h), while using 0.5% GA the half-life
of the biocatalyst was only 107 min. GA modified preparations also
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Fig. 6. Inactivation courses of differently modified OCTYL-NANO-PFL at 60 °C at different pH values. Unmodified biocatalyst (A); -GA 0.5% modified biocatalyst - solid lines and -GA 5%
modified biocatalyst - dashed lines (B); -DVS 0.5% modified biocatalyst - solid lines and -DVS 1% modified biocatalyst — dashed lines (C); -BQ 0.5% modified biocatalyst - solid lines
and- BQ 5% modified biocatalyst - dashed lines (D). Experiments have been performed in sodium citrate buffer at pH 5 (W), sodium phosphate buffer at pH 7 (®) and sodium

carbonate-bicarbonate buffer at pH 9 (A).
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present high stability at pH 7 (half-lives about 475 and 650 min for
0.5 and 5% of GA, respectively). This is remarkable because phos-
phate ions have a negative effect on many lipases stability [120], in-
cluding PFL [46]. It can be observed that the increase in the GA
concentration (0.5 to 5%) had a negative effect on the biocatalyst
stability at pH 9 (half-lives decreased from about 360 to 197 min
for 0.5 and 5% of GA, respectively). This results show the complexity
of the effect of the chemical modification, while at pH 5 and pH 7 the
best modification is using 5% GA, at pH 9 the highest stability was
found when modifying the immobilized enzyme using 0.5% GA.
This could be founded on different inactivation pathways under dif-
ferent conditions [121], the different effects of the one point chem-
ical modification when changing the inactivation conditions [121],
even on the different solution that the modification offer to the neg-
ative effects of phosphate ions on enzyme stability [120].

Fig. 6C presents the inactivation courses of DVS modified prepara-
tions (using 0.5 and 1% DVS). The inactivation courses of OCTYL-
NANO-PFL-DVS 0.5% remained almost unaltered when changing the in-
activation pH, while OCTYL-NANO-PFL-DVS 1% stability was quite
depended on the inactivation pH. This biocatalyst gave the highest sta-
bility (about 650 min) at pH 7 (again, even in the presence of phosphate
ions [120]). At pH 5, the 1% of DVS modified preparation showed the
highest stability (half-lives were about 72 and 121 min for modification
in 0.5 and 1% of DVS, respectively). At pH 9, both DVS preparations pre-
sented similar stabilities, (half-lives were about 57 and 49 min for mod-
ification in 0.5 and 1% of DVS, respectively).

OCTYL-NANO-PFL modification with 0.5% of BQ produced the
highest effect on enzyme stability when inactivated at pH 9, among
the BQ modified preparations (half-life about 227 min, see Fig. 6D).
The biocatalyst OCTYL-NANO-PFL-BQ 5% presented quite similar behav-
ior with variation of the pH values (half-lives: 45.3, 50.4 and 66.6 min at
pH 5, 7 and 9, respectively - see Fig. 6D).

Thus, stabilization factors achieved by the chemical modification
depended on the inactivation pH. At pH 5, the stabilization factors are
higher than 130 using OCTYL-NANO-PFL-GA 5% (and this factor com-
pared 50% residual activity at pH 7 versus 68% at pH 5, we can guess
that the stabilization factor will be over 200), higher than the 60 fold
factor found at pH 7. Using 1% DVS in the modification, the stabilization
in inactivations at pH 9 dropped from 60 at pH 7 to 11. Using BQ, the sit-
uation was different, and stabilization factors gone from just over 8 at
pH 7 to >20 at pH 9. All these differences on the modification effects
when changing the inactivation pH may be founded on the different fac-
tor commented above.
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Fig. 8. SDS-PAGE gels of different PFL immobilized preparations. Lane 1: Molecular weight
marker; Lane 2: soluble PFL; Line 3: unmodified biocatalyst (OCTYL-NANO-PFL); Lane 4:
OCTYL-NANO-PFL-GA 0.5%; Lane 5: OCTYL-NANO-PFL-GA 5%; Lane 6: OCTYL-NANO-
PFL-DVS 0.5%; Lane 7: OCTYL-NANO-PFL-DVS 1%; Lane 8: OCTYL-NANO-PFL-BQ 0.5%;
Lane 9: OCTYL-NANO-PFL-BQ 5%.

3.5. Loading capacity of OCTYL-NANO for PFL immobilization

This parameter is an important feature of the support, mainly for in-
dustrial applications of biocatalyst produced. In this context, the immo-
bilization of growing amounts of PFL on octyl-nanoparticles to produce
the biocatalyst OCTYL-NANO-PFL was investigated. Fig. 7 shows that the
maximum loading capacity of our new support is 200 U/g or 8.8 mg en-
zyme/g of support. However, the expressed activity did not follow the
same patter. It increased until 50 U/g, which gave 145% expressed activ-
ity and then decreased with the increase of enzyme loading, the
expressed activity become about 70% when offering 150 U/g. Other au-
thors also reported the decreased of catalytic efficiency in the high load-
ing lipase immobilization on magnetic nanoparticles [122-124],
perhaps because now the substrate must diffuse by the holes between
enzyme molecules to reach the active center, as the active center is on
the support surface [125].
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Fig. 9. Reuse of different immobilized PFL magnetic biocatalyst in the hydrolysis of pNPB
1 mM. OCTYL-NANO-PFL: Solid line (O); OCTYL-NANO-PFL-GA 0.5%: Dashed line (@);
OCTYL-NANO-PFL-GA 5%: Solid line (®); OCTYL-NANO-PFL-DVS 0.5%: Dashed line (H);
OCTYL-NANO-PFL-DVS 1%: Solid line (M); OCTYL-NANO-PFL-BQ 0.5%: Dashed line (A);
OCTYL-NANO-PFL-BQ 5%: Solid line (A).
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3.6. SDS-PAGE analysis of immobilized preparations

The SDS-PAGE analyses of some highly loaded PFL immobilized
and modified preparations were performed in order to verify the ef-
fectiveness of the enzyme inter molecular crosslinking (Fig. 8).
OCTYL-NANO-PFL sample (lane 3) gave a protein band correspond-
ing to PFL (that was desorbed from the support under the conditions
used in the sample preparation, boiling in SDS). After the chemical
modifications used in this paper, the band of the PFL is no longer vis-
ible (lanes 4 to 9), indicating the establishment of a massive inter-
molecular crosslinking, since no protein was released from the
support.

3.7. Repetitive capture of the different OCTYL-NANO-PFL particles

One of the problems of the magnetic nanoparticles is the real capture
of the materials during operation, which may be related to difficulties in
capture or particle breakage. To check this, several cycles of p-NPB hy-
drolysis using mechanical stirring (150 rpm) were performed reusing
the same biocatalysts.

Fig. 9 shows that the activity of OCTYL-NANO-PFL decreased along
the reaction cycles, with a 35% of recovered activity after 8 cycles. This
was attributed mainly to two causes; enzyme release from the support
during operation and the breaking of the nanoparticles, that reduce the
amount of catalysts captured in each operation (the nanoparticles frag-
ments are no longer magnetic and will be washed way).

All chemically modified biocatalysts had operational stabilities
greater than the unmodified biocatalyst. Without discarding a likely
positive effect on increase of the mechanical resistance of the biocatalyst
due to crosslinking, and the role of improved enzyme stability, the main
reason for this could be founded in the reduction of enzyme release
from these modified biocatalysts (Fig. 8).

OCTYL-NANO-PFL-BQ 0.5% retained about 70% of its activity after
8 cycles of reaction, followed by OCTYL-NANO-PFL-GA 0.5% and -DVS
0.5% biocatalysts, with about 50% of their activities in the last cycle.

These biocatalysts were operationally more stable than TLL covalent
immobilized on superparamagnetic nanoparticles prepared in the hy-
drolysis of p-NPB (p-NPB can also have some negative effect on enzyme
stability) [99].

4. Conclusion

The results of this study show that lipase from Pseudomonas
fluorescens was immobilized on octyl-nanoparticles, with expressed ac-
tivities about 150%, suggesting the interfacial activation of the lipase,
fixing the open form of the adsorbed lipase molecules. Furthermore,
the chemical modification of this biocatalyst with different bifunctional
reagents has been performed improving the enzyme stability and, in
certain cases, even activity. The inactivation pH also affected very differ-
ently the stabilities of the different biocatalysts, suggesting the com-
plexity of the effects. The intermolecular crosslinking was clearly
evidenced by the lack of enzyme release even under very drastic condi-
tions (boiling in SDS during SDS-PAGE samples preparation), increasing
enzyme stability. Among these biocatalysts, OCTYL-NANO-PFL-GA 5%
was the most thermally stable biocatalyst at pH 5, since its half-life
was over 24 h at 60 °C (residual activity over 65% after 24 h of
inactivation).
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